A modulating role for dietary salt has been suggested, with the amount of salt intake regulating endothelial cell production of transforming growth factor-␤1 (TGF-␤1), a fibrogenic growth factor that promotes arteriosclerosis and glomerulosclerosis. The purpose of the present studies was to determine how the interaction between dietary salt intake and vasculature promoted the production of TGF-␤1 in rats. Two different vascular tissues, aortic rings and glomeruli, were chosen for study. Dietary salt induced, in a dosedependent fashion, activation of proline-rich tyrosine kinase-2 (Pyk2) and further identified c-Src as an important binding partner of Pyk2 in these tissues. Use of pharmacological inhibitors and dominant negative strategies confirmed that dietary salt induced complex formation of Pyk2 and c-Src with downstream activation of p38 and p42/44 mitogen-activated protein kinases and generation of TGF-␤1. The experiments defined the molecular signaling events that promoted the production of TGF-␤1, a key growth factor involved in the vascular response to increased salt intake.
proline-rich tyrosine kinase-2; c-Src; aorta; glomerulus; endothelium AN INTERRELATIONSHIP BETWEEN vascular disease and chronic kidney disease is well accepted. In particular, increased blood pressure and decreased vascular compliance correlate with progression of chronic kidney disease and cardiovascular disease (32) . The seminal publication by Klag et al. (20) demonstrated a direct correlation between blood pressure and development of end-stage kidney disease, with systolic blood pressure, an indirect reflection of arterial compliance, serving as a strong predictor of subsequent renal disease. Fesler et al. (13) showed that pulse pressure, a marker of arterial stiffening, correlated well with decline in renal function during treatment of patients with essential hypertension. Direct involvement of dietary salt intake in the development of systolic hypertension and decreased conduit artery compliance was established by Gates et al. (15) , who demonstrated in a double-blind, placebocontrolled crossover study that reduction in salt intake in patients with untreated systolic hypertension lowered systolic blood pressure and increased carotid arterial compliance. The decrease in systolic blood pressure correlated inversely with the change in arterial compliance in that study. The Trials of Hypertension Prevention studies provided convincing evidence that modest reductions in salt intake promoted a long-term 25% reduction in the risk of cardiovascular events, confirming an important effect of salt intake on cardiovascular function (10) . Although changes in renal function were not reported in that study, correlation between dietary salt intake and progression of chronic kidney disease has been observed in patients with advanced chronic kidney disease (9) .
Early work by Meneely and colleagues (25, 26) demonstrated that increasing salt intake promoted a dose-dependent decrease in life span of rats; vascular lesions and renal failure were prominent findings in these studies. In animal models of progressive kidney disease, dietary salt also played a role in altering disease progression. Dietary salt restriction has been shown to be as effective as angiotensin-converting enzyme inhibition in preventing glomerular injury (35) and superior to diuretics in reducing glomerular sclerosis in uninephrectomized spontaneously hypertensive rats (5) . A high-salt diet increased albuminuria and accelerated progression of kidney injury in a rodent model of chronic allograft nephropathy (31) . These effects occurred without an associated increase in blood pressure. Thus human and animal data have provided a need to understand in greater detail the mechanisms by which dietary salt intake affects vascular biology.
The interaction between salt intake and endothelial cell function has been examined in some detail (37, 38, 40 -42) . The major focus of these studies was transforming growth factor-␤1 (TGF-␤1), a fibrogenic growth factor that has been shown to play seminal roles in vascular and glomerular physiology and pathophysiology (7, 16, 27, 30, 36) . Without increasing blood pressure, salt intake exerted a dose-dependent increase in endothelial cell production of TGF-␤1. The mechanism appeared to be mediated through shear forces and mitogen-activated protein kinase (MAPK) activation (37) (38) (39) (40) (41) . The present study was designed to dissect further the intracellular signaling process involved in salt-induced TGF-␤1 production. Two different vascular tissues, aortic rings and isolated glomeruli, were examined. Proline-rich tyrosine kinase-2 (Pyk2) activity was chosen specifically, because this cytoplasmic tyrosine kinase serves as an important nodal point in intracellular signaling events (2, 3, 22) including endothelium (11) and, along with binding partners, participates in activation of the MAPK pathways (2, 6, 24, 29, 33) . Pharmacological and dominant negative strategies were used to determine whether the cytoplasmic tyrosine kinases Pyk2 and c-Src (the 60-kDa product of c-src, also known as pp60 c-src ) participate in the signal transduction mechanism involved in dietary salt-mediated vascular production of TGF-␤1. The findings support a seminal role for Pyk2 as a nodal point in the signaling cascade involved in dietary salt-mediated effects on the vasculature.
METHODS
Animal and tissue preparation. The Institutional Animal Care and Use Committee at the University of Alabama at Birmingham approved the project. Studies were conducted using male SpragueDawley (SD) rats (Harlan Sprague Dawley, Indianapolis, IN) and were 28 days of age at the start of study. The protocol that was followed has been standardized in our laboratory (37, 38, 40) . The rats were housed under standard conditions and given formulated diets (AIN-76A; Dyets, Bethlehem, PA) that contained 0.3, 1.0, 3.0, or 8.0% NaCl. These diets were prepared specifically to be identical in protein composition and differed only in NaCl and sucrose content. On the fourth day of the diets, the rats were anesthetized by intraperitoneal injection of pentobarbital sodium (50 mg/kg body wt; Abbott Laboratories, North Chicago, IL), and aorta and kidneys were perfused in situ with cold, isotonic, heparinized perfusion solution that contained 90 mM NaCl, 50 mM NaF, 1 mM Na 3VO4, and 10 mM sodium pyrophosphate until blanched (50 -60 ml over 2 min). Glomeruli and aortic rings for incubation studies and immunoblot analyses were isolated under sterile conditions as performed previously (37) (38) (39) (40) (41) (42) .
Lysates were produced by incubating isolated glomeruli and aortic tissue in modified radioimmunoprecipitation assay (RIPA) buffer that contained 10 mM Tris ⅐ HCl, pH 7.4, 100 mm NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% sodium deoxycholate, 1% Triton X-100, 10% glycerol, 0.1% SDS, 20 mM sodium pyrophosphate, 2 mM Na 3VO4, 1 mM NaF, 1 mM PMSF, and protease inhibitor cocktail. To obtain isolated endothelial cell lysates, we removed the aorta and opened it with a longitudinal incision. The intimal surface was very gently scraped with a curved scalpel blade, and the endothelial cells that built up on the edge of the blade were rinsed into a centrifuge tube that contained serum-free medium (RPMI 1640; Invitrogen, Carlsbad, CA). Each area was only scraped once, avoiding scraping close to any cut edge. The cell suspension was centrifuged at 500 g for 5 min, and the supernatant was discarded. The cell pellet was resuspended in 500 l of modified RIPA buffer. Total protein concentration was determined using a kit (Micro protein assay reagent kit; Pierce Biotechnology, Rockford, IL), and the samples were processed for Western blotting and kinase activity assays as we have performed previously (39, 41) . For Western blotting, samples containing 20 -60 g of total protein were used. The primary antibodies were diluted 1:1,000 and specifically recognized total Pyk2 (Cell Signaling Technology, Beverly, MA), phospho-Pyk2(Y402) (Cell signaling Technology), phosphoPyk2(Y579/580) (Invitrogen), phospho-Pyk2(pY881) (Invitrogen), total c-Src (Cell Signaling Technology), and phospho-c-Src(Y416) (Cell Signaling Technology).
Kinase assays. Activity of Pyk2 was determined using a kit (Pyk2 kinase assay kit; CycLex, Nagano, Japan), following the protocol provided by the manufacturer. Standards were performed using recombinant Pyk2 as a positive control to construct standard curves from which the activities of the samples were determined. Activities of p38 MAPK and p42/44 MAPK were determined by immunoprecipitation of the MAPK of interest followed by in vitro kinase assays using kits (Cell Signaling Technology) as performed previously (39, 41) .
Coimmunoprecipitation assays of Pyk2 and c-Src. Coimmunoprecipitation studies to determine the interaction of Pyk2 or c-Src with phospho-Pyk2(Y402) or phospho-Src(Y416) were performed on aortic tissue lysates (500 g of total protein) that were incubated with either 2 g of an anti-Pyk2 polyclonal antibody or an anti-c-Src polyclonal antibody (Dako) at 4°C for 2 h, followed by addition of 30 l of protein A-Sepharose and overnight incubation. Immune pellets were washed three times with ice-cold RIPA buffer and then boiled in SDS sample buffer containing dithiothreitol (6.0 mg/ml). The proteins were resolved on 7.5% SDS-polyacrylamide gels and transferred to polyvinylidene difluoride membranes. The membranes were probed with phospho-Pyk2(Y402) or phospho-c-Src(Y416) polyclonal antibody. Immunoreactive bands were visualized with the use of enhanced chemiluminescence reagent and X-Omat film (Hawkins XRay Supply, Oneonta, AL).
In vitro incubation studies. After removal of adherent fat and connective tissue, the aorta was cut into 3-mm ring segments and placed in 48-well plates. Isolated glomeruli (5 ϫ 10 3 glomeruli/ml), which were obtained by sieving renal cortical tissue, and aortic ring preparations were washed with cold PBS. Pelleted glomeruli and aortic ring segments were resuspended in serum-free medium (RPMI 1640; Invitrogen) that contained vehicle alone, 5 M tyrphostin A9 (EMD Biosciences, La Jolla, CA), or 10 M PP2 {4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine; EMD Biosciences}. Tyrphostin A9 served as a relatively specific inhibitor of Pyk2 (14), and PP2 was a potent, cell-permeable, Src family-selective tyrosine kinase inhibitor (18) .
Site-specific inhibitors of Pyk2 were also used. Tat-AP was a fusion protein that consisted of the Tat peptide fused to amino acid residues 365-518 of the kinase domain of Pyk2 and included the autophosphorylation site (Y402) in the recognition domain for the SH2 group of c-Src. Tat-PBM consisted of the Tat peptide fused to amino acid residues 581-700 of the kinase domain of Pyk2 and included the purported binding site (YTLM) for the SH2 domain of phosphatidylinositol 3-kinase (PI3K). Tat-GBM consisted of the Tat peptide fused to amino acid residues 873-995 of Pyk2 and contained Fig. 1 . Western analyses of the effect of salt intake on the phosphorylation state of proline-rich tyrosine kinase-2 (Pyk2) in lysates from aortic tissue (top) and isolated glomeruli (bottom). Although total levels of Pyk2 did not differ between the 2 groups, compared with rats on the 0.3% NaCl diet, rats on the 8.0% NaCl diet demonstrated increased levels of phospho-Pyk2(Y402), represented as the ratio of density of phospho-Pyk2(Y402) to the density of total Pyk2 in lysates of aortic tissue (0.63 Ϯ 0.03 vs. 0.14 Ϯ 0.02; P Ͻ 0.05) and isolated glomeruli (0.708 Ϯ 0.10 vs. 0.06 Ϯ 0.04; P Ͻ 0.05). Levels of phospho-Pyk2(Y579/80)/total Pyk2 in both aortic tissue lysates (0.56 Ϯ 0.11 vs. undetectable; top) and glomerular lysates (0.58 Ϯ 0.08 vs. undetectable; bottom) were also dramatically increased in rats on the 8.0% NaCl diet. Immunoblot analysis of phospho-Pyk2(Y881) was performed but was not observed in either group (data not shown). Each column represents data from the same rat (n ϭ 4 rats/group).
the Grb2-binding motif that includes Y881. These peptides served as cell-permeant, site-specific, dominant negative inhibitors of Pyk2 interaction and activation (17) . The constructs in the pTatHA bacterial expression vector were generous gifts from Dr. Carl Nathan (Weill Medical College of Cornell University, New York, NY).
Protein transduction has been shown to occur within 10 min of addition of Tat fusion peptides to the medium and affects nearly 100% of cells regardless of cell type (28) . Published detailed methodology regarding Tat-mediated protein transduction into mammalian cells was followed (4) . Each fusion protein was used at 500 nM, since this dose was shown to be efficacious by other investigators (17) . After synthesis and purification of the fusion proteins, transduction into endothelial cells was demonstrated by labeling each peptide with a fluorescent tag using a kit (EZ-Label FITC protein labeling kit; Pierce Biotechnology). Primary cultures of endothelial cells were prepared from the aorta of SD rats using a lumen digest technique (8) . These cells, which were maintained on 0.1% gelatin-coated plates (BD Biosciences) in endothelium basal cell medium (Lonza Walkersville, Walkersville, MD) containing 10% fetal calf serum and endothelial cell growth supplement, expressed CD31 and VE-cadherin (data not shown) and were used between passages 4 and 14. Cells were incubated with the FITC-labeled fusion proteins for 1 h before study.
Isolated glomeruli and aortic ring segments were incubated in serum-free medium (RPMI 1640; Invitrogen) that contained vehicle alone or 500 nM of peptides that included Tat-AP, Tat-GBM, or Tat-PBM. After a 30-min incubation period, the medium was replaced and incubation continued at 37°C for 24 h. The conditioned medium was harvested, centrifuged at 300 g for 10 min at 4°C to remove cell debris, and then stored at Ϫ80°C until assayed for total and active TGF-␤ using enzyme-linked immunoassay (TGF-␤ E max ImmunoAssay System; Promega) as described previously (37, 38, 40 -42) , and the results were factored by wet weight (for aortic tissue) or total protein (for glomeruli). Experiments using lysates of endothelial cells and isolated glomeruli from rats on the high-salt diet confirmed the inhibitory effects of tyrphostin A9, Tat-AP, and Tat-PBM on saltinduced Pyk2 activity (data not shown). Tat-GBM had no effect on Pyk2 activity in these studies and was used as an additional control in those experiments that used the Tat peptides.
In vivo studies. On the third day on either the 0.3 or 8.0% NaCl diet, rats received a single intravenous bolus of 0.5 ml of PBS that contained vehicle alone or 2.5 M Tat-AP, Tat-GBM, or Tat-PBM. On the following day, the rats were anesthetized and aortic tissue and glomeruli were obtained to generate lysates, as described above, for Western blotting and immunoprecipitation experiments or in vitro Fig. 2 . Increasing dietary salt intake produced a dose-dependent increase in Pyk2 activity. Pyk2 activity assays were performed using lysates of aortic endothelia and isolated glomeruli obtained from groups of rats (n ϭ 4 in each group) that had been fed 0.3, 1.0, 3.0, and 8.0% NaCl diets for 4 days before the study. As dietary salt intake increased, Pyk2 activity in aortic endothelia and glomeruli increased. *P Ͻ 0.05 compared with values obtained from rats on the other 3 diets. Fig. 3 . Effect of tyrphostin A9, an inhibitor of Pyk2, on production of total and active transforming growth factor-␤1 (TGF-␤1) by aortic rings and isolated glomeruli from rats (n ϭ 6 in each group) on 0.3 and 8.0% NaCl diets. The augmented production of total and active TGF-␤1 observed in both tissues with the increase in salt intake was inhibited by 2 M Pyk2. *P Ͻ 0.05 compared with values obtained from rats on the 8.0% NaCl diet. †P Ͻ 0.05 compared with untreated tissues from rats on the same diet. incubation experiments. At the time of tissue harvesting, urine was collected from the bladder to determine TGF-␤ and creatinine levels, which were assayed using an autoanalyzer (Creatinine Analyzer 2; Beckman Coulter, Fullerton, CA). In these studies, TGF-␤ was determined using a bioassay (1). Briefly, mink lung epithelial cells (MLEC-clone 32) stably transfected with a construct that consisted of a truncated 800-bp fragment of the human plasminogen activator inhibitor-1 promoter fused to the firefly luciferase reporter gene in a p19LUC-based vector (originally provided as a generous gift from Dr. Daniel B. Rifkin, New York University Medical Center, New York, NY) were plated in 24-well plates at a density of 2 ϫ 10 5 cells/well in DMEM containing 10% FBS, 2 mM L-glutamine, 1% penicillinstreptomycin, and 200 g/ml G418. Cells were allowed to attach for 4 h and then washed with serum-free medium. For measurement of urinary TGF-␤ activity, urine samples were diluted 1:5 in a total volume of 1 ml of serum-free medium and directly added to each well. For assay of total TGF-␤, urine samples were heated for 5 min at 100°C, diluted 1:20 in a total volume of 1 ml of serum-free medium, and incubated with reporter cells for 18 h at 37°C. Mink lung epithelial cell lysates from each well were prepared using reporter lysis buffer (Promega). Luciferase activity was determined as relative light units using a microplate luminometer (Clarity Luminescence Microplate Reader; BioTek Instruments, Winooski, VT) and converted to TGF-␤ (pg) using a standard curve generated using human recombinant TGF-␤1. Assays were performed in triplicate and averaged; values were normalized using the creatinine concentration obtained in each sample.
Statistical analysis. Data are means Ϯ SE. Significant differences among data sets were determined using analysis of variance with post hoc testing (Fisher's protected least significant difference, Statview, version 5.0; SAS Institute, Cary, NC). A P value Ͻ0.05 was assigned statistical significance.
RESULTS

Pyk2 integrally participated in dietary salt-mediated vascular production of TGF-␤1.
Four days after initiation of the diets, rats on 0.3 and 8.0% NaCl diets were anesthetized and lysates of isolated glomeruli and aortic tissue were produced. Although total levels of Pyk2 did not differ between the two groups, lysates from rats on the high-salt diet demonstrated increased amounts of phospho-Pyk2 at Y402 and Y579/80 (Fig. 1) , indicating activation of Pyk2 (2). The phosphorylation state of Pyk2 at Y881 was also examined, but a signal was not observed in lysates of aortic tissue or glomeruli from rats on either diet (data not shown). In other experiments, Pyk2 activity was quantified in lysates from aortic endothelial cells and isolated glomeruli. An increase in dietary salt intake promoted a dose-dependent increase in Pyk2 activity (Fig. 2) . The effect on Pyk2 activity was not linear, since increased activation did not occur until the diet contained Ͼ1% (wt/wt) NaCl. As demonstrated previously (37, 38, 40 -42) , an increase in salt intake increased production of total and active TGF-␤1 by preparations of aortic rings and isolated glomeruli from rats on the 8.0% NaCl diet compared with preparations from rats on the 0.3% NaCl diet (Fig. 3) . To determine whether Pyk2 participated in TGF-␤1 production, we initially employed tyrphostin A9, a potent and selective inhibitor of Pyk2 (14), in experiments. Addition of tyrphostin A9 inhibited both total and active TGF-␤1 production induced by the high-salt diet (Fig.  3) . Pyk2 activity is regulated by multiple processes and has several potential binding partners (Fig. 4) . Employing the Tat fusion proteins, which served as dominant negative inhibitors of specific actions of Pyk2, permitted a dissection of potential interactions among candidate proteins. These purified Tat fusion proteins readily transduced rat endothelial cells in culture (Fig. 4, bottom) . Incubation of aortic rings and isolated glomeruli with Tat-AP and Tat PBM, but not with Tat-GBM, inhibited the salt-mediated increase in total and active TGF-␤1 (Fig. 5) . None of the fusion proteins altered TGF-␤1 production by tissues from rats on the 0.3% NaCl diet. In additional experiments, the fusion proteins were administered intravenously, and tissues were harvested for study on the following day. Lysates from aorta and isolated glomeruli were obtained to determine activity of p38 and p42/44 MAPK. Compared with tissues obtained from rats fed the 8.0% NaCl diet and injected with Tat-GBM, intravenous injection of Tat-AP and Tat-PBM reduced the activities of p38 and p42/44 MAPK (Fig. 6) . MAPK activities from rats fed the 0.3% NaCl diet and given the fusion proteins parenterally did not differ. Compared with tissues from rats that were fed the 8.0% NaCl diet and received Tat-GBM intravenously, both Tat-AP and Tat-PBM reduced the production of total and active TGF-␤1 by aortic ring and glomerular preparations from rats on the 8.0% NaCl diet (Fig. 7) . Urine samples from these animals were obtained the morning after the injection of the fusion proteins, and total and active TGF-␤ production were determined and factored by creatinine concentration. Compared with Tat-GBM, both Tat-AP and Tat-PBM reduced urinary excretion of total and active TGF-␤ by rats fed the 8.0% NaCl diet (Fig. 8) .
c-Src participated in salt-induced vascular production of TGF-␤1. Coimmunoprecipitation assays were performed to examine the interactions between Pyk2 and c-Src in lysates of aortic tissue harvested from rats on 0.3 or 8.0% NaCl diets for 4 days. Increased salt intake promoted complex formation between Pyk2 and c-Src (Fig. 9, A and B) . Assays were also performed using lysates of aortic tissue from rats on either the high-or low-salt diet treated on the day before harvest with Fig. 5 . Administration of 500 nM Tat-AP and Tat-PBM, but not Tat-GBM, inhibited the dietary salt-induced increase in TGF-␤1 by aortic rings and isolated glomeruli. Preparations of aortic rings and isolated glomeruli were obtained from rats (n ϭ 4 rats in each group) on 0.3 and 8.0% NaCl diets for 4 days. *P Ͻ 0.05 compared with corresponding values obtained from rats on the 0.3% NaCl diet. Fig. 6 . MAPK activity assays were performed in standard fashion by immunoprecipitation of the MAPK of interest and in vitro incubation with substrate (Elk-1 for p42/44 MAPK and ATF-2 for p38 MAPK). Lysates were obtained from aortic tissue and isolated glomeruli from rats (n ϭ 4 rats in each group) on 0.3 and 8.0% NaCl diets for 4 days and injected intravenously with 2.5 M Tat-AP, Tat-PBM, or Tat-GBM. Top: a representative experiment using 2 rats in each group. Bottom: graphs summarize the data from the 8 rats used in these studies. Both Tat-AP and Tat-PBM inhibited (P Ͻ 0.05) the activities of p38 and p42/44 MAPK. Although the effect was less for Tat-AP, it was sufficient to inhibit the production of TGF-␤1. *P Ͻ 0.05 compared with the other 5 groups.
Tat-AP, Tat-PBM, or Tat-GBM (Fig. 9, C and D) . As anticipated, interaction of phospho-c-Src(Y416) with Pyk2 was inhibited by Tat-AP, but complex formation was also reduced by Tat-PBM.
Aortic endothelial cell lysates and isolated glomerular lysates were used to determine phospho-c-Src(Y416) levels, an indicator of active c-Src (19) . Compared with lysates from rats fed the 0.3% NaCl diet, without altering total c-Src, an increase in salt intake enhanced relative levels of phospho-c-Src(Y416) in lysates from both aortic endothelial cells (0.16 Ϯ 0.02 vs. 0.62 Ϯ 0.07; P Ͻ 0.05) and isolated glomeruli (0.856 Ϯ 0.046 vs. 0.410 Ϯ 0.055; P Ͻ 0.05) (Fig. 10) . Addition of the c-Src inhibitor PP2 inhibited both total and active TGF-␤1 production induced by the high-salt diet (Fig. 11) .
DISCUSSION
TGF-␤1 is a locally acting growth factor that plays an integral role in the development of vascular and glomerular fibrosis (7, 27, 30, 36, 44) . In addition, TGF-␤1 appears to promote the development of hypertension, since mice lacking emilin1, an inhibitor of TGF-␤1 activation, demonstrated peripheral vasoconstriction and arterial hypertension that was prevented by inactivation of one TGF-␤1 allele (45) . Factors that regulate TGF-␤1 production in the vasculature therefore merit investigation. The present study demonstrated that dietary salt induced, in a dose-dependent fashion, the activation of Pyk2 and further identified c-Src as an important binding partner of Pyk2 in dietary salt-mediated production of TGF-␤1.
Pyk2 is a non-receptor tyrosine kinase that is related to focal adhesion kinase (3, 22) . This important signaling molecule is activated by a variety of extracellular stimuli that include hormones, agonists of G protein-coupled receptors including angiotensin II, and shear stress (12, 22, 34, 43) . An early intracellular event in common with these stimuli is an increase in intracellular Ca 2ϩ , which rapidly activates Pyk2 (22) . Although the precise mechanism of activation of Pyk2 was not Fig. 7 . Intravenous administration of 2.5 M Tat-AP and Tat-PBM, but not Tat-GBM, the day before tissue harvest inhibited the dietary salt-induced increase in TGF-␤1 by aortic rings and isolated glomeruli (n ϭ 4 rats in each group). *P Ͻ 0.05 compared with corresponding values obtained from rats on the 0.3% NaCl diet. Fig. 8 . Effect of a single intravenous injection of the Tat fusion proteins (2.5 M) on subsequent urinary excretion of total TGF-␤ and active TGF-␤. Urine was obtained the day after the intravenous injection. Although the excretion rates did not fall to levels observed in rats on the 0.3% NaCl diet, the increases in urinary total and active TGF-␤ that occurred in response to increased salt intake were inhibited by intravenous injection of Tat-AP and Tat-PBM (n ϭ 4 rats in each group). *P Ͻ 0.05 compared with the other 5 groups. †P Ͻ 0.05 compared with the groups of rats that received the 3% NaCl diet and the Tat fusion proteins. explored in this report, previous findings have been consistent with a shear-mediated effect of increased salt intake on endothelium (37) (38) (39) (40) (41) . Although increased intracellular Ca 2ϩ concentration may activate Pyk2 in this setting, other mediators, including reactive oxygen species generated during shear stress, could play a role in activation of Pyk2 (34) . Recently, Kohno, et al. (21) demonstrated that Ca 2ϩ /calmodulin binding to Pyk2 released the kinase domain from autoinhibition by forming a dimer, permitting phosphorylation at Y402 and activation of the kinase. Kinase activation promotes the subsequent recruitment of other binding partners including c-Src (12) . Consistent with this known interaction with c-Src, increased salt intake increased phosphorylation at Y402 and complex formation between Pyk2 and c-Src. Activation of c-Src permitted phosphorylation at Y579/80, which appeared to be required for full Pyk2 activation (23) and was a prominent observation in the present study (Fig. 1 ).
An important role for Pyk2 and c-Src in TGF-␤1 production was identified by the use of tyrphostin A9 and PP2, respectively. To tease out the interactions further, we employed a dominant negative approach designed to interfere with specific interactions between Pyk2 and potential binding partners by using peptide fragments of Pyk2. Transduction of these peptides was accomplished through the generation of fusion proteins that consisted of the peptide segments of Pyk2 and the minimal transduction domain of human immunodeficiency virus (HIV), termed Tat (4) (Fig. 4) . The fusion peptides served as cell-permeant, site-specific, dominant negative inhibitors of Pyk2 interaction and activation (17) . Tat-AP was a fusion protein that consisted of the Tat peptide fused to a portion of the kinase domain of Pyk2 and contained the autophosphorylation site (Y402) in the recognition domain for the SH2 group of c-Src. Tat-PBM consisted of the Tat peptide fused to amino acid residues 581-700 of the kinase domain of Pyk2 and included the purported binding site (YTLM) for the SH2 domain of PI3K. Tat-GBM consisted of the Tat peptide fused to a peptide fragment that corresponded to a carboxyl terminal portion of Pyk2 and contained the Grb2-binding motif that includes Y881. In the present study, both Tat-AP and Tat-PBM inhibited the salt-mediated increase in TGF-␤1 in the vasculature, indicating an essential interaction between c-Src and, likely, PI3K in this process. Experiments that used Tat-GBM demonstrated no effect on salt-induced TGF-␤1 production and were consistent with the absence of a detectable increase in the phosphorylation state of Pyk2 at Y881. In some experiments, the Tat fusion proteins were injected intravenously, with identical findings observed in subsequent analyses. Urinary TGF-␤ levels of rats on the 8.0% NaCl diet fell with the injection of Tat-AP and Tat-PBM but did not reach levels observed in the animals on the 0.3% NaCl diet. Because salt-induced production of TGF-␤1 was inhibited in aortic rings and isolated glomerular preparations from these animals, the findings further suggested that the source of urinary TGF-␤ was not only the vasculature but also another intrarenal mechanism that was unique from that observed in the vasculature and glomerulus. Although a site of action of increased salt intake was confirmed to be the endothelium, a potential limitation with the use of isolated glomerular tissue is the observation that multiple cell types are present and the possibility that mesangial and epithelial cells, in addition to endothelial cells, are also affected by dietary salt intake. In addition, although the high efficiency of Fig. 9 . Coimmunoprecipitation assays examining the interactions between Pyk2 and c-Src were performed by immunoprecipitation of Pyk2 or c-Src from aortic lysates harvested from rats on 0.3 or 8.0% NaCl diets for 4 days. A: immunoblot (IB) analysis of the immunoprecipitate (IP) generated by using an antibody to Pyk2 showed interaction of phospho-c-Src(Y416) with Pyk2, particularly in rats on the 8.0% NaCl diet. A nonspecific IgG was used in the immunoprecipitation step in the 2nd and 4th lanes. B: IB analysis of the IP generated by using an antibody to c-Src showed interaction with phosphoPyk2(Y402). A nonspecific IgG was used in the immunoprecipitation step in the 2nd and 4th lanes. C: pull-down assays were performed using the anti-Pyk2 antibody and lysates of aortic tissue from rats on either the high-or low-salt diet treated on the day before harvest with Tat-AP, Tat-PBM, or Tat-GBM. As anticipated, interaction of phospho-c-Src(Y416) with Pyk2 was inhibited by Tat-AP, but interaction was also reduced by Tat-PBM. D: pull-down assays were performed using the anti-c-Src antibody and lysates of aortic tissue from rats on either the high-or low-salt diet treated on the day before harvest with Tat-AP, Tat-PBM, or Tat-GBM. The findings were similar to those shown in C and showed that interaction of phospho-Pyk2(Y402) with c-Src was inhibited by Tat-AP, but interaction was also reduced by Tat-PBM. Arrowheads indicate c-Src in A and C and Pyk2 in B and D. transduction was demonstrated in vitro, the relative ability to transduce cell types other than endothelium may differ in vivo.
The combined studies showed that through a series of phosphorylation events, dietary salt induced in vascular tissues the formation of a molecular complex that contained c-Src and Pyk2. Pyk2 is a major upstream regulator of MAPK pathways (2, 6, 24, 29, 33) , and these signaling events were demonstrated to regulate the activities of p38 MAPK and p42/44 MAPK in the present study. These MAPK pathways have been shown to promote the production of TGF-␤1 in response to dietary salt intake (37) (38) (39) (40) (41) . The data supported the hypothesis that activation of Pyk2 recruited and activated c-Src and that this complex participated integrally in the vascular production of TGF-␤1 in response to dietary salt in the rat. Although these findings require confirmation in humans, this mechanism of intravascular production of TGF-␤1 might be of seminal importance in the cardiovascular response and pathophysiology that develops in response to chronically increased salt intake. Fig. 11 . Effect of pharmacological inhibition of c-Src on total (top) and active (bottom) TGF-␤1 was determined using PP2, administered in the medium following harvest of tissues from rats on either 0.3 or 8.0% NaCl for 4 days (n ϭ 12 rats in each group). Addition of PP2 inhibited production of both total and active TGF-␤1. *P Ͻ 0.05 compared with untreated tissues from rats on the same diet. †P Ͻ 0.05 compared with untreated tissues from rats on the 8.0% NaCl diet.
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